The sensitivity of seismic velocities and acoustic impedance to the changes in reservoir conditions is prominent in the case of small dry elastic moduli. Porosity itself has a negative effect on feasibility, but it strongly affects dry elastic moduli. For normally consolidated clean sandstones, reservoirs can be monitored seismically for water drive as deep as 500m. In geopressured zones, 4-D seismic surveys can target 6500 m deep if seismic data quality is fair.
Introduction
Recent examples of 4-D seismic surveys (Jack, 1998; Sonneland et al., 1997) have demonstrated potential for inferring reservoir conditions from seismic data. It appears that the seismic detectability of changes in saturation, pressure and temperature due to production or injection becomes most pronounced in poorly cemented and consolidated sandstone reservoirs, which are easily observed at shallow depth or in geopressured zones. Geopressured zones, a result of undercompaction in rapidly deposited sedimentary basins, can be located at great depth. The purpose in this paper is to examine the effect of water drive on seismic velocities and acoustic impedance under a variety of geological conditions.
Quantitative model
The link between the elastic moduli and other physical properties of reservoir rocks plays a key role in calculation of changes in seismic velocities and acoustic impedance as a result of changes in reservoir conditions. Porosity is one of the most important physical properties of rock. Nur et al. (1991 and 1995) found a linear trend of elastic moduli between the mineral values at zero porosity and the suspension values at the critical porosity, which separates the mechanical and acoustic behavior into two distinct domains, i.e., the load-bearing domain and the suspension domain. This leads to the convenient mathematic expressions for calculation of dry elastic moduli at high effective pressure in the load-bearing domain 
where K d and µ d are dry bulk and shear moduli, K s and µ s are bulk and shear moduli of rock solid or grain, φ c is critical porosity (40% for sandstone, , φ is porosity. Obviously
The increase of dry elastic moduli with effective pressure can be explained in terms of the closing of a series of pores. Zhang and Bentley (1999) use the KT model to calculate dry elastic moduli of sandstone samples at a variety of effective pressures and find the exponential relationship between the rate of increase of dry elastic moduli and effective pressure:
where K d and µ d are in GPa, P is effective pressure in MPa, A1, B1, A2, and B2 are constants and can be taken to be 0.746, -0.0773, 0.372 and -0.0791 respectively. By using equations (1) - (4) and knowing the elastic moduli of rock solid, we can relate porosity to dry elastic moduli at any effective pressure.
Gassmann's model connects the elastic moduli of fluid-saturated rock to its dry elastic moduli through the following equations:
where K u and µ u are bulk and shear moduli of the fluid-saturated rock, K f is fluid bulk moduli , φ is porosity. When the rock is saturated with more than one fluid, the bulk modulus of effective fluid is used. If fluids are in pressure equilibrium, i.e., fluids are homogeneously distributed, the bulk modulus of the effective fluid is a harmonic averaging of the bulk moduli of all fluids (Reuss model); if fluids differ in pressure due to patchy saturation, the bulk modulus of the effective fluid can be approximated as an arithmetic averaging . Due to the existence of connate water in pore space, the arithmetic average should be modified as follows:
where K f is effective fluid bulk modulus, S w are bulk moduli and saturations of oil, gas and water respectively, S ir is irreducible water saturation.
The bulk density of the sandstone reservoirs is simply the weighted-by-volume average of the constituent densities given by the equation
where ρ o , ρ g, ρ w and ρ s are densities of oil, gas, water and rock solid respectively.
The P-, S-wave velocities and acoustic impedance of fluid-saturated sandstone reservoirs are calculated as
By using (5) - (12) and specifying certain recovery processes, we can calculate the velocities and acoustic impedance before and after production and then make assessment of feasibility in terms of seismic observables.
Feasibility of seismic monitoring of water drive for clean sandstone reservoirs
In spite of the complexity of sediment compaction, the reduction of porosity versus depth takes place in a more or less exponential fashion (Einsele, 1992; Athy ,1930) . For normally consolidated sediments, we have the following expression (Mailart, 1989):
where φ is porosity at depth z, φ r is residual porosity at great depth (taken to be 7%), φ o is porosity at surface (taken to be 40% for sandstone), and β is an empirical parameter that may include the effects of chemical diagenesis. If effective overburden pressure is a linear function of depth z, (13) can be converted to the porosity-effective pressure relationship as follows:
where γ =β/(ρ b -ρ w )g, P is effective pressure. From (13) and (14), a plot ( Fig. 1 ) of porosity versus effective pressure (and depth) is created for clean sandstone, where β=0.004 / m (Einsele, 1992) , ρ b = 2.3 *10 3 kg/m3, ρ w = 1.04 *10 3 kg/m3, g=9.8m/s2 are assumed. Moreover, based on (1)-(4) the contour of dry bulk moduli is drawn within Fig. 1 .
Water drive is one of the most important primary recovery processes, in which the goal of 4-D seismic surveys is to identify bypassed oil pockets. Since a water drive maintains reservoir pressure, it is considered simply as a process of water substitution for oil, i.e., only change in saturation. Before production, oil and connate water (So=75%, Sir=25%) may be homogeneously distributed as a result of a long period of mixing; since production, pressure drop in the wellbore drains oil from out in the reservoir along permeable layers of reservoir rocks due to permeability inhomogeneity. This leads to saturation inhomogeneity at different scales. If the scale of saturation inhomogeneity is small relative to seismic wavelength and at the same time larger than L c , (7) and (8) are used to calculate the bulk moduli of effective fluid. L c =(κK f /f η ) 1/2 , where f is the seismic frequency, κ is the permeability, and η and K f are the viscosity and bulk modulus of the most viscous fluid phase . Residual oil saturation (Sor) after production is set to be 25%. We further assume that the elastic moduli and densities of rock solid, water and oil do not change with production for the reason that pressure and temperature do not change much. The rock solid and fluid parameters are shown in Tab. 1.
Based on these assumed parameters of fluids and rock solid, using (5)- (12) we can calculate the elastic moduli and densities, then the velocities and acoustic impedance of fluid-saturated reservoir rocks before and after production, then their percentage changes, if we know the dry bulk modulus and porosity [dry shear modulus depends on dry bulk modulus according to (1) and (2)]. To this end, the dry bulk modulus and porosity are assumed to be two independent variables, on which the above calculation is made. Fig. 2 and Fig. 3 are the results of the percentage changes of Vp and AI due to oil displaced by water to residual saturation. It is found that the lower dry bulk modulus, the higher percentage changes. They also show that if we neglect the unrealistic upper and left parts, the percentage changes increase with decreasing porosity, which disproves current perception (Lumley et al., 1997) . That the higher porosity, the more changes in velocities and acoustic impedance in response to production or injection is due to the strong dependence of dry elastic moduli on porosity [(1) and (2)]. Porosity itself plays a negative role.
In order for the change to be observable on seismic sections, a minimum of the percentage change must be set. According to the quantitative test of pick accuracy and consistency (Ian Jack, 1998), event times can be picked to an accuracy of typically 1 to 2 ms. Assume the oil-saturated reservoir of 50 m thick is 2500m/s. Thus the additional 2-way reflection time to the base of the reservoir will be 2*50/2500=40 (ms). Assume velocity changes to Vp with water drive. The two-way travel time should be 2*50/Vp. By solving 40-2*50/Vp=2, we obtain Vp=2.63, i.e., 5% [=(2.63-2.5)/2.5*100%] is the minimum of the Vp percentage change. Such 2ms pull-up on a base reservoir interface reflection can be identified on seismic sections. For acoustic impedance, a good rule of thumb for seismic detection is that impedance changes between surveys should be greater than 4% (Lumley et al., 1997) . According to these criteria, the feasible areas in Figs. 2 and 3 can be delineated along certain contour lines (5% and 4% lines). In turn, the areas can be mapped to Fig. 1 , in which the intersection point between the feasible line and the compaction curve indicates the feasible depth of clean sandstone not more than 500 m in the case of equilibrium compaction. For geopressured zones, the relationship between effective pressure and depth is complicated. Geopressures can exist as deep as 6500m, still retaining most porosity. Buried at 600m deep, some sands in the Gulf of Mexico still bear almost the same porosity as when they were just deposited (Domenico, 1974) . These zones fall into the feasible areas in terms of porosity and effective pressure. Table 1 Rock solid and fluid parameters When water drive is accompanied by pressure decline, the increases in velocity and acoustic impedance due to water substitution become more easily observed. Fig. 4 shows considerable increase in the feasible area and the feasible depth due to 1 GPa increase in elastic moduli as a result of an increase in effective pressure.
Conclusion
The feasibility of 4-D seismic surveys depends chiefly on dry elastic moduli. The lower the dry elastic moduli, the greater the changes in velocities and acoustic impedance in response to production or injection. Porosity itself exerts a negative influence on 4-D feasibility, but it affects strongly dry elastic moduli. Under normal compaction, 4-D seismic surveys can monitor water drive only above 500m for clean sandstone reservoirs, while in geopressured zones there is still the possibility of detecting reservoirs as deep as 6500m once seismic data is fair.
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